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•ABSTRACT
This dissertation presents the results of a study on the
strength of welded hybrid columns of H-shape. The flanges were of
high-strength steel and the webs were; of low-strength steel. Column
strength was calculated theoretically and was verified by tests on
columns.
In the theor.etical work tangent modulus and ultimate load
column curves were developed with the help of a digital computer. The
hybrid shape was transformed into a fictitious homogeneous shape made
of the flange steel, but with an imaginary compressive residual stress
in the web of magnitude equal to the difference between the yield stress
levels of the component plates. The steels were assumed to have lin-
early elastic, rigid-plastic stress-strain curves.
Two principal types of shapes were ~abricated for testing,
one with A5l4 steel flanges and A36 or A44l steel web, and the other
with A44l universal mill plate . or A441 flame-cut steel flanges and A36
steel web. The flanges were 6 x 1/2 in. and the webs 6 x3/8 in. The
tests included coupon tests, residual stress measurements, s~ub column
..
tests, and pinned-end column tests. Stub column tests g?ve average
stress-strain curves of the shapes including the effects of residual
stresses. The pinned-end column tests verified the column strength pre-
dieted on the basis of measured residual stresses.: Also, these tests
revealed much about the behavior of the hybrid shapes used as columns •
-1-
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Residual stress distributions were typical of welded H-shapes
tensile .stresses at the welds and flame-cut edges and compressive
stresses elsewhere. Hybrid shapes with flanges of AS14 or A44l flame-
cut steel plates had favorable residual stress distributions and were
stronger as columns than a shape with A44l universal mill plates for
flanges. Stub column tests on hybrid shapes showed that they could
carry the full yield load as columns without any premature failure.
The study showed that residual stresses have very little in-
fluence on the strength of hybrid columns with AS14 steel flanges.
These columns had an ultimate load slightly more than the tangent modu-
lus strength. The pinned-end column tests confirmed the conclusions
of the analysis. All hybrid columns had strengths greater than homo-
geneous columns of A36 or A7 steel. The low-strength web did not
weaken the column in any way. Width-thickness ratios to prevent pre-
."
mature local buckling of the web are ~uggested.
The most important conclusions of this. study are;
a) that the strength of hybrid columns can be
predicted from a knowledge of the measured
residual stress distribution in the shapes,
b) that shapes with flame-cut flanges have column
strength greater than shapes with universal
mill plate flanges, and
c) that hybrid columns can be economical in
some portions.of multi-story buildings •
••
1. INTRODUCTION
A hybrid steel shape has two different types of steel in the
cross-section. With the introduction of high-strength steels such as
ASTM A44l and A5l4, the hybrid shapes have become practical. Experi-
mental investigations together with plastic theory indicate the utility
1
and economy of hybrid steel beams. Recently, hybrid beams having A5l4
flanges and A36 webs have been fabricated and used in some structures.
The pilot investigation of centrally loaded columns in this disserta-
tion is one step in the study of hybrid shapes in steel structures.
The concept of hybrid shapes is old. In the ancient days,
wooden wheels of wagons were fitted with steel rims to strengthen the
wheels. In the present day manufacture of rail car wheels, a rim of
higher strength steel is fitted on a wheel of different steel in order
to provide high wear resistance. Concrete beams reinforced with steel
bars are yet another type of hybrid beam although concrete and steel
are two entirely different types of material. In these structural
shapes the main objective is to place a stronger material in a position
where it can resist higher stresses, thus using materials according to
their strengths.
In a centrally loaded column there is no region of low stress.
The question arises, why should there be hybrid steel columns? Most
columns are subjected to some greater or lesser amount of bending moment
and are usually designed as beam-columns. A knowledge of the behavior
of a centrally loaded column is necessary to understand the behavior of
-3-
-4
a beam-column because the strength of a beam-column is defined in terms
of the strength of a centrally loaded column.
Another interesting problem that suggests the study of hybrid
columns is the reinforcing of columns of old structures to carry heavier
loads. The columns of these structures are usually of structural carbon
(A7) steel. Reinforcing with cover plates of high-strength steel in-
stead of the existing A7 steel is preferable because less space is re-
quired and the additional dead load is also less. This combination of
A7 and high-strength steels produces a hybrid shape.
For these reasons, an investigation was made on the basic H-
shape with high-strength steel flanges and low-strength steel web. A
hybrid shape can be fabricated by bolting, riveting or welding the com-
ponent"p1ates. In this study only welded shapes are considered, since
welding is used extensively in the shop fabrication of structural mem-
bers and since welding produces a joint of very high efficiencyelimina-
ting the use of angles. Mass production facilities are available to
2produce welded columns as fast as rolled columns.
The strength of centrally loaded welded hybrid steel columns
is influenced by the following factors:
1. The difference in the yield stress levels of the
two materials,
2. The residual stress distribution caused by the
welding process,
3. The local buckling characteristics of the component
plates, and
-5
4. The out-of-straightness of the column.
The influence of residual stress distribution on the strength of welded
H-colurnns is known; however the effect varies with columns of different
steels. Recently, the important role of out-of-straightness, which is
an unavoidable consequence of the welding process, has been recognized.
The new contributions of this dissertation are the computa-
tion of tangent modulus curves, load-deflection curves and ultimate
load curves using the actual residual stress distribution present in a
shape rather than using assumed or simplified distributions. Hitherto
the difficulties involved in manual calculations had necessitated the
assumption of very simple residual stress distributions.
In connection with this study, residual stresses were measured
in hybrid shapes and hybrid columns were tested to failure to verify
predicted results.
2. RES !DUAL STRESS
2.1 Introduction
Residual stresses are the stresses that remain in a material
due to the occurrence of inhomogeneous plastic deformations. Such de-
formations are caused by the uneven cooling of the material after hot
rolling or by various fabrication methods such as welding or cold bend-
. 3
~ng •
The strength of steel columns is influenced by the magnitude
and distribution of residual stress4 • Welded built-up columns may have
relatively high compressive residual stresses that could reduce the
buckling strength considerably. The compressive stresses present in
critical locations of a cross-section such as the tips of the flange of
an H-shape are the principal cause of the reduction in column strength.
For this reason the magnitude and distribution of residual stress is an
important factor t·o study in connection with the strength of welded hy-
brid columns. --
Residual stresses in welded shapes are influenced by the geo-
metry of the component plates, the material properties of the plates,
the heat of welding, the type of welding, the speed of welding, the
heat losses fr9m the shap~, and the rate of cooling3 ,5,6
The conditions in a welded H-shape can be simulated by those
in center-welded and edge welded plates, and a knowledge of the residual
stress distribution in such plates is basic to predicting the residual
stress distribution in welded built-up shapes composed of similar plates.
- 6-
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For this reason the residual stresses in welded plates of A7, A36 and
A5l4 steels measured in connection with other studies is referred to;
residual stresses in a limited number of A44l steel plates were mea-
sured before conducting tests on welded hybrid shapes. With a know-
ledge of the residual stresses in component plates, a reasonable esti-
mate of the residual stress distribution in welded shapes may be made.
Residual stresses in welded plates have been investigated
almost since the b~ginning of modern welding; however, until recently
the emphasis was 'on\ residual stresses in the vicinity of the weld.
The theoretical analysis is complex because the physical properties
of the metal vary with temperature and because inhomogeneous plastic
deformation is involved3 ,5,1. Recently much work has been done to de-
fine the material properties at elevated temperatures and to compute
theoretically the residual stress distribution and magnitudes in welded
5plates •
Residual stresses in welded plates of ASTM designation A7,
•
A36 and A5l4 steel have been measured recently. Residual stresses in
A44l welded plates were measured in conjunction with the investigation
of hybrid shapes. These investigations are described briefly in this
chapter. With the results of these measurements, the residual stresses
in hybrid shapes may be estimated. Residual stresses in hybrid shapes
were measured for five hybrid shapes of two principal types. These are
described in detail and compared with predicted values.
•-8
2.2 Previous Research
1. Theoretical Solutions
Theoretical work on residual stress distributions in welde4
plates conducted by various researchers are reviewed in Reference ~~
Tall recently developed a simple method for calculating ther-
mal and residual stresses produced in individual plates due to welding5 •
This is a step-by-step method, based on a knowledge of the temperature
distribution which can be obtained by classical methods. The boundary
of plastic deformations is automatically used in the calculation and
is not determined specifically. Equilibrium at all stages of cooling
is considered. This method assumed that a certain percentage of the
heat causes the thermal and residual stresses.
Thus analytical methods are at best good approximations and
they are a~plicable in only a few cases. This is obviously due to the
large number of variables that influence the formation of residual
stresses, among which material properties at high temperatures are an
important f~ctor. Analytical methods will not be reliable until fur-
ther work is done to determine the actual heat losses and heat input
that cause residual stresses.
Under actual welding conditions it is difficult to control.
some of the factors that influence the residual stresses, and for this
reason even the best analytical methods are not very precise. The al-
ternative solution is to determine experimentally the residual stress.
2. Experimental Solutions
Experimental research on the measurement of residual stresses
••
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in welded plates is given in Reference 8. However, in the investiga-
tions reported, the influence of the geometric properties of the plate
itself was not studied.
In 1960 the influence of geometry was investigated and the
results made it possible to predict approximately the residual stress
.- 8
magnitude and distribution for welded plates of A7 steel. These re-
sults are also app~icable to welded plates of A36 steel since the yield
r
stress levels of the steels are almost the same.
'Luxion and Johnston in 1947 recorded the residual stresses in
9
rolled structural shapes. In later years much attention was given to
residual stresses in rolled and welded shapes. Fujita was the first
to measure residual stresses in a medium-size welded H-shape of A7
10
steel • He found that welded polumns will have relatively high resi-
dual stresses, in particular high tensile residual stresses at the weld.
He noticed that the tensile residual stresses in the vicinity of the
welds approached the yield stress of the material, while the compres-
sive residual stresses -at flange tips averaged about 21 ksi-.
Recently the residual stresses in welded L-, T-, H- and Box-
11
shapes have been measured • These tests confirmed the earlier con-
viction that in welded shapes, high tensile residual stress will be
present in the vicinity of the weld and that the compressive residual
stress also will be considerably greater. This high compressive resi-
dual stress adversely affects the column strength.
All the results available so far have been concerned with
plates and shapes of A7 steel •. With the increased availability of high
-10
strength steels, welded shapes are being. built-up from them and experi_
ments on such shapes are progressing. Residual stresses in welded
12AS14 plates and shapes have been measured recently • Some of these
results are mentioned in Section 2.3.
In using the results obtained from tests on welded plates to
predict residual stresses in welded shapes, much care is required,
since in the welding of a shape the component plates exert certain
restraints that may not be found in plates. The restraining eff~ct
depends largely on the relative·sizes of the component plates: for
example, for plates which are of a similar size and which are welded
together, it would be expected that the effect of restraint is smaller
than when a very small plate is welded to a very large plate.
2.3 Welded Plates
1. Description of Tests
Residual stresses were measured in A7 and AS14 plates of
various sizes which would be expected to be generally used in built-up
members. A few representative sizes were in~luded in the series on A36
plates, since the yield stresses of A7 and A36 steels are not much dif-
ferent and so the results of tests on A7 steel are applicable to A36
steel. The sizes of A44l plates used were identical to those used in
the fabrication of hybrid shapes. The relevant plate dimensions and
tests conducted on them are listed in Table 2. (The hybrid shapes were
composed of flanges 6 x 1/2 in. and webs 6 x 3/8 in.)
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Plates of A7 and A36 steel were bars or universal mill (UM)
plates cold straightened at the mill, while A44l steel plates were
both UM and flame-cut (Fe). A5l4 steel plates were flame-cut.
The plates were welded along either single or double Vee
grooves in the center, or along an edge so as to simulate conditions
obtained in actual built-up shapes (See Fig. 2.1). Some plates had
beads welded on both edges; such plates simulate the webs. of H-shapes
or sides of Box-shapes. The A7 steel plates were welded manually,
while A3q and A44l plates were welded automatically. The A5l4 plates
were welded both automatically and manually. The manually welded
plates were welded in the "flat" position by professional welders.
The automatically welded plates were welded by the submerged arc pro-
cess in fabricating plants.
Residual stresses were measured before and after welding. The
" h d f ." d d . h . d 1 13met 0 0 section~ng was use to eterm~ne t e res~ ua stresses •
This method gives the longitudinal residual stress only, although by
inference the transverse residual stresses may be obtained.
In order to determine whether the welding process affected
the yield stress of the plate material, tensile coupons were tested
before and after welding at selected sections in the plate at the weld.
Some of the coupons included the weld metal along the length (in the
. 8 12 14
cross sect~on).' ,
2. Test Results and Discussion
The residual stress distributions in the various plates
described above are shown in Figs. 2.2 to 2.5.
•,.
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a) Non-welded plates
Residual stress distributions in the plates in the as-rolled
condition (before welding) are shown for each of the plates described
above, except one 6 x 1/4 in. A36 steel plate. Universal mill plates
show small magnitudes of residual stresses. Plates T-7-l (Fig. 2.2)
and T-2-l (Fig. 2.3) have a tensile residual stress of 1 ksi in the
middle and a compressive residual stress at the edges of 4 to 9 ksi.
These are not necessarily typical and could be higher.
In the case qf A44l steel plates (Fig. 2.4), the UM plates
have residual stress distribution similar to that of A36 steel plates,
with the magnitude varying from 4 to 11 ksi.
The flame-cut A44l steel plates, HG-l, HG-2, and P-2l have
typical residual stress distributions (Fig. 2.4). The edges have ten-
sile residual stress varying from 24 to 52 ksi, with an average value
of 4lksi; and the middle regions have a compressive residual stress
of about 8 ksi. In the UM plates the distribution changes sign grad-
ually, whereas in the flame-cut plates there is a rapid change from
tension to compression. This is due to the requirement of equilibrium
of forces. In all the cases the distribution is practically symmetri-
cal.
In A5l4 steel plates, again, the distribution is similar in
shape to that in flame-cut plates of A44l steel (See Fig. 2.5). The
tensile residual stress at the edges of the plates varies from 73 to
89 ksi with an average value of 82 ksi; these high tensile residual
stresses are possible since the yield stress level of A5l4 steel is
,•
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nearly 100 ksi. The compressive residual stress is about 6 ksi (average)
I.
)1
and is spread over two-thirds of the plate width. This stress is more
or less uniform over the region unlike the tensile residual stress which
has a very steep gradient.
From a comparison of the tensile residual stress produced by
flame cutting in identical plates (Plate P-2l and HG-l) the heat gen-
erated by the flame appears to be an important factor in creating stress-
es. Therefore, a considerable number of flame-cut plates have to be
tested to define quantitative influence of the heat of flame on the for-
mation of residual stresses.
b) Center welded plates
The center welded plates of A7 steel (Fig. 2.2) show tensile
residual stress of about 45 ksi at the weld. At the edges the compres-
sive residual stress is about 12 ksi for the plate with single-vee-weld
and 22 ksi for the plate with double-vee-weld.
Plate T-2-3 (Fig. 2.3), of A36 steel with a single-vee-weld
has a tensile residual stress of 38 ksi at the weld and a compressive
residual stress of about 25 ksi at the edges. This plate was welded
automatically. A comparison of these residual stress magnitudes with
those of AT steel center-welded (manually welded) plates indicates that
automatic welding produces slightly lower tensile residual stress and
slightly higher compressive residual stress; the heat input is less in
t . ld . h' 1 ld . 14au omat~c we ~ng t an ~n manua we ~ng • Equilibrium of forces is
maintained by the wider spread of the tensile residual stress region.
-14
The residual stress distribution in center welded A44l steel
plates is shown in Fig. 2.4. The liM plates as well as flame-cut plates
show tensile residual stresses of about 55 ksi at the weld. Although
the weld sizes were different, the magnitudes of residual stress are
almost the same, indicating that weld size does not influence the magni-
tude of tensile residual stress. In the liM plates the edges develop a
compressive residual stress of about 18 ksi for 1/8 in. weld and 23 ksi
for 1/4 in. weld. That is, the magnitude increased from about 5 ksi
compression before welding to 18 to 23 ksi, after welding. The edges
of flame-cut plates showed that tensile residual stress of 41 ksi was
reduced to 4 to 9 ksi. This is rather a large change compared to liM
plates. In addition, the compressive residual stress also was a little
high, being about 26 ksi.
The center welded A5l4 steel plates (Fig. 2~5) have resi-
dual stress distributions similar in pattern to center welded A44l steel
plates. Plate 290 T-2-2 (A5l4 steel) shows the effect of manual welding
while plate 290 T-2-4 (A5l4 steel) shows the effect of automatic welding.
The residual stresses in these plates before welding are also shown. The
manually welded plate has a reduction of 20 ksi in tensile residual
stress at the edges, whereas the automatically welded plate has a re-
duction of 36 to 48 ksi, from the initial value of approximately 85 ksi.
At the weld itself, the tensile residual stress is 40 ksi for the manu-
ally welded plate and 80 ksi for the automatically welded plate. The
magnitude of the compressive residual stresses in the manually welded
plate is about 16 ksi, whereas in the automatically welded plate it is
\\ .
approximately 25 ksi; the average compressive stress in both is 21 kH.
••
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The large difference between the residual stresses can be attributed
to the different amounts of heat developed during welding and also to
possible differences in heat losses.
c) Edge-welded plates
All edge welded steel plates have the same residual stress
distributions; however, the magnitudes diffe~in each case. All the
plates have high tensile residual stresses in the vicinity of the weld,
which change rapidly to compressive residual stresses in the middle of
the plate and again change gradually to tensile residual stress of rela-
tively smaller magnitude near the unwe1ded edge.
The residual stress distribution in A7 and A36 steel of 6 x
1/2 in. size are the same. The magnitudes at the weld differ, being
38 ksi for A7 steel (Fig. 2.2) and 27 ksi for A36 steel (Fig. 2.3) •
The tensile residual stress in the 6 x 1/4 in. A36 steel plate is
about 50 ksi; this makes it difficult to explain the low value of 27
ksi in the thicker plate.
The residual stress distributions in the 6 x 3/8 in. A441
steel plates (P-32, P-33) are shown in Fig. 2.4. Edge welds cause a
tensile residual stress at the edges of about 53 ksi. The maximum com-
pressive residual stress in the middle of plate P-32 with a weld on one
edge only is about 30 ksi; the compressive residual stress in plate P-33,
in which both edges have welds, is more or less uniform with a magnitude
of 20 ksi. This distribution, in fact, resembles that in flame-cut plates
HG-1 and HG-2, confirming that the effect of flame-cutting on the forma-
..
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tion of residual stress is as great as that of welding.
In the case of the AS14 steel plates (Fig. 2.S), edge weld-
ing does not significantly alter the residual stress distribution. The
initial symmetrical distribution has been disturbed slightly, but the
change in magnitude is very small. E70XX. class electrodes were used
•
in all the tests. These electrodes have a yield stress level of 70 ksi
and the deposition of weld metal on A7 steel plates increases the resi-
dual stress magnitude at the weld beyond the yield stress level of the
parent material. In the case of AS14 steel plates which have a yield
stress level of 100 ksi, the slight change in residual stress caused by
edge welding is due essentially to the heat of welding.
Welding changes the material properties of the plate only in
the vicinity of the weld .. The most important change: is that the yield
stress level (see Chapter 6 for definition) is increased if the mater-
ial of the electrode has a yield ~tress level higher than that of the
parent material. This is usually the case, except for AS14 steel,
where the electrode recommended is usually of a yield strength somewhat
lower than that of the steel. The yield stress level of some of the
coupons tested is given in Table 2.2. Coupon test results are available
for A36 steel and AS14 steel plates before and after welding. Coupon IS,
which contains weld metal considerably stronger than the A36 steel of
the coupon, shows a higher static yield stress level than in welded A36
steel. Coupons 14 and 16 show only slight increase ,in yield stress
level. On the other hand, in AS14 steel plates ~here was negligible in-
crease in the yield stress level after welding. In fact, although E70XX
••
•
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class electrodes were used in welding these plates as in normal fabri-
cation procedure, there was no reduction in yield stress level at the
weld.
The residual stress distribution and magnitude in welded
plates can be estimated approximately if a large number of tests are
conducted. Such data are given in References a"and 14 for A7 and A36
steel plates. Reference 12 gives similar information for A5l4 steel
plates. Adequate information for A44l is not available at present.
However, the results presented in this dissertation are sufficient to
predict the residual stresses in the hybrid shapes di~cussed herein.
2.4 Hybrid Shapes
With a knowledge of the residual stress distribution in welded
plates of various steels, the residual stresses in hybrid shapes maybe
estimated. Estimates of residual stress distribution in H- and Box-
shapes of A7 steel has been made in the past with the help of data on
11
welded plates In this section, the residual stress distribution in
hybrid shapes is estimated with the help of the data presented in the
previous section and then compared with the actual residual stress dis-
tributions.
1. Description of Tests
Residual stresses in five hybrid sh~pes were measured. The
component materials of these shapes are shown in Table 2.3. Initially
•-18
this study,was to include three hybrid shapes: -- 1) A5l4 steel
flanges and A44l steel web, 2) A44l (UM) steel flanges and A36 steel
web, and 3) A44l (FC) steel flanges and A36 steel web. But due to
errors in fabrication two additional shapes were obtained: -- 1) A5l4
steel flanges and A36 steel web, and 2) A5l4 steel flanges and A44l
steel web.
The hybrid shapes were fabricated from universal mill plates
,and flame-cut plates which were not subjected to any cold-bending or
straightening.' The component plates were 20 ft long E!xcept the A44l
flame-cut plates which were 24 ft long. The extra 4 ft lengths were
used to measure residual stresses before fabrication. The physical
and chemical properties of the steel plates as reported by the manu-
facturers are given in Table 2.4.
The fabricated shapes also were not straightened or cold bent
or trimmed in any way. The typical tests conducted on these shapes were:
1. residual stress measurement,
2. coupon tests,
3. stub column tests, and
4. pinned-end column tests.
These tests are also listed in Table 2.3. The first two tests are
described in this section. Coupon tests were used essentially to ob-
tain mechanical properties; they also helped aScertain that the right
type of steeL had been used. The stub column tests and pinned-end'
column tests are described in the next chapter.
..
•
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2. Predicted Residual Stress Distribution
The hybrid shapes tested in this investigation belong to two
general types: 1) one with A5l4 steel flanges and A36 or A44l steel
web (Shapes No.1, 4, and 5) and 2)' the'other with A44l steel flanges
and A36 steel web (Shapes No.2 and 3). In the first type, web mater-
ial (A36 or A44l steel) can be expected to have very little effect on
the residual stress distributions. In the second type the principal~
difference in the residual stress distribution in the flanges depends
on whether the flanges are UM or flame-cut plate.
As mentioned in Section 2.1, a reasonable estimate of the
residual stress distribution in welded shapes may be made from a know-
ledge of the residual stress distribution in component plates having
simulated welds. The hybrid H-shapes can be considered as made of two
center-welded plates (flanges) and a plate welded on both edges (web).
An estimate of the residual stress distribution in hybrid shapes de-
duced from the results on welded plates is shown ~n Fig. 2.6. These
predictions are applicable to the flanges or webs of steel shown, with-
.,
out regard to the type of the hybrid shape fabricated.
Because of the variable heat input of the flame cutting, the
A5l4 steel flange may have a tensile residual stress at the edge of a
magnitude anywhere between 40 ksi and 60 ksi. At the weld the tensile
residual stress can be expected to reach about 40 ksi. The compressive
residual stress in the intermediate regions would be about 20 ksi. The
residual stress distribution in the web is typical for A36 steel as
well as A44l steel; at the welds the tensile residual stress may be
•-20
about 60 ksi and elsewhere the compressive residual stress will be
about 15 ksi.
In the second type of hybrid shape for the flange of A44l
steel UM plate (Fig. 2.6), there can be a tensile residual stress of
60 ksi in the vicinity of the weld and compressive residual stress else-
where of about 20 ksi. If the flange is an A44l steel Fe plate, the
residual stress distribution resembles that of an A5l4 flange; the
tips of the flanges will show slight tensile residual stresses of about
60 ksi. Elsewhere a compressive residual stress of about 22 ksi will
be found. The webs of these two shapes have residual stress distri-
butions similar to those of the first type.
These predictions were not used in the column strength studies
of th.isinvestigation. They are presented as a guide to those situations
where residual stress measurements are not made •
3. Test Results and Discussion
The residual stresses measured in the hybrid shapes are shown
in Figs. 2.7 and 2.8.
The residual stress distribution in Shape No.1 (A5l4 flange
and A36 web) shows a tensile residual stress of about 65 ksi at the
flange· tips (Fig. 2.7). The flange plates were flame-cut prior to
fabrication of the shape. Hence the tensile residual stress of 65 ksi
is the summation of initial tensile residual stress and the effect of
welding. In the middle of the flanges on the side away from the weld
there is compressive residual stress of about 25 ksi, but on the side
-21
of the weld it can be assumed that there is tensile residual stress of
the same magnitude as on the welds -- 75 ksi. Thus, in the middle of
the flanges at mid-thickness there will be a tensile residual stress
of 25 ksi (average). The compressive residual stress in the flange is
about 20ksi and is spread over a greater area than is the tensile resi-
dual stress. In the web the compressive residual stress is 10 ksi. over
. a wide spread. The tensile
.
The residual stress distributions in Shapes No. 4 and 5 (A5l4
flanges and A441 web) show that the flange tips have tensile residual
stresses of 40 ksi. At the welds there is a tensile residual stress
of 27 ksi. In the intervening region there is a compressive residual
stress of 15 ksi. In the webs the residual stress distribution and
.
magnitude are similar to that in Shape No.1.
In Fig. 2.8 the residual stress distributions in Shape Nos.
2 and 3 are shown. The residual stress distribution in Shape No. 2
(A441 flange and A36 web) is typica~ of a weld~d shape built up from
,
universal mill plates'·. The compressive residual stress at the flange
tips is 20 ksi. At the center of the flanges, the residual stress is
nearly 40. ksi. 't~ the web the compressive residual stress is approxi-
/." ~~~~r.l~:>;~ '&
mately 10 kSi. 'The'tensile residual stress at the ends of the web in
the vicinity of the weid is 55 ksi.
Shape No. 3 (flame-cut A44l flange and A36 web) has an inter-
esting residual stress distribution. That the flanges are flame-cut is
indicated by the tensile residual stress at the flange tips. The magqi-
•..
.
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of the weld it can be assumed that there is tensile residual stress of
the same magnitude as on the welds -- 75 ksi. Thus, in the middle of
the flanges at mid-thickness there will be a tensile residual stress
of 25 ksi (average). The compressive residual stress in the flange is
about 20 ksi and is spread over a greater area than is the tensile resi-
dual stress. In the web the compressive residual stress is 10 ksi over
. a wide spread. The tensile residual stress, at· the ends of thewe1:i :(70
ksi). i~;::ielatfvely high.
The residual stress distributions in Shapes No.4 and 5 (A5l4
flanges and A44l web) show that the flange tips have tensile residual
stresses of 40 ksi. At the welds there is a tensile residual stress
of 27 ksi. In the intervening region there is a compressive residual
stress of 15 ksi. In the webs the residual stress distribution and
magnitude are similar to that in Shape No.1.
In Fig. 2.8 the residual stress distributions in Shape Nos.
2 and 3 are shown. The residual stress distribution in Shape No. 2
(A44l flange and A36 web) is typic~l of a weld~d shape built up from
universal mill plates',. The compressive residual stress at the flange
tips is 20 ksi. At the center of the flanges, the residual stress is
nearly 40.ksi. In the web the compressive residual stress is approxi-
mately 10 ksi. The tensile residual stress at the ends of the web in' ,
the vicinity of the weld is 55 ksi.
Shape No. 3 (flame-cut A44l flange and A36 web) has an inter-
esting residual stress distribution. That the flanges are flame-cut is
indicated by the tensile residual stress at the flange tips. The magni-
••
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tude of residual stress varies from 20 to 35 ksi, relatively small
values compared to that of Shape No.1, where for the A5l4 flanges the
tensile residual stress was 65ksi; this indicates the differing amounts
of heat going into the plate during the flame-cutting process. The com-
pressive residual stress in the flanges is 23 ksi. This is slightly
higher than that in Shape No.2. This higher compressive residual
stress is necessary to balance the larger tensile residual stress de-
veloped by flame-cutting and welding. The residual stress in the web
is the same as in Shape No.2. The average compressive residual stress
spread over a wide area of the web is 12 ksi.
The actual residual stress distributions in the shapes shown
in Fig. 2.7 have a somewhat lower tensile residual stress at the weld
than those predicted in Fig. 2.6. This magnitude is influenced by the
restraint at the weld which was not present in the separate welded
plates. Also, the diffe.rence in the thicknesses of the. flanges and
web an~ their different material properties may have contributed to
this effect. If additional tests are conducted on basic shapes like
Land T it may be possible to predict more precisely the residual ~tress
distributions in hybrid shapes.
The results of coupon tests on the component plates of the
hybrid shapes are given in Table 2.5. This table shows that all the
steels except the A44l steel web of Shape No.4 have more- than the
specified yield stress level; the A44l~teelweb of Shape No.4 has
r\! )
a yield stress level of 49 ksL
••
3. COLUMN STRENGTH
3.1 Previous Research
1•. Review of Buckling Theories'
The strength of a column may be defined by its bifurcation
or buckling load and by its ultimate load. The buckling load is the
load at which a theoretically straight column is indifferent to its
deflected shape. The ultimate load, the maximum load that a column
can carry, defines the transition from a stable to an unstable config-
uration.
Van Musschenbroek in 1729 was the first to publish a paper on
15the strength of columns • He presented an empirical formula
where P = buckling load,
.~ ,D cross-sectional dimensions,
L length of the column, and
K= an empirical factor.
(3.1)
L . 1759 E 1 h d h bl f b' l' . 16 d'ater, ~n , u er approac e t e pro em as one 0 sta ~ ~ty an
derived an analytical formula, the now famous Euler equation
where E = Young I s modulus of the material·, and
I = moment of inertia about the buckling axis.
-23-
(3.2)
..
•
•
•
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This formula is applicable to elastic buckling on1y,and this occurs
only in very slender columns. However, his formula was used widely
until the end of the 19th century.
17In 1889 Engesser propounded his tangent modulus theory . A
few years later under the influence of Considere's concepts he presented
a new solution for the column problem, the reduced modulus theory for
inelastic buckling. The reduced modulus theory was accepted as correct.
However, some doubts arose because of the resu~ts of column tests. Most
of the test results gave loads which were between the tangent modulus
load and reduced modulus load and usually closer to the tangent modulus
load. Shanley showed that an initially straight column will buckle at
the tangent modulus load and then will continue.to bend with increasing
18load • This. leads to a restatement and r~acceptance of Engesser's
original tangent modulus theory. Other investigators have illustrated
analytically the Shanley column behavior using actual column proper-
. 19,20,21,22t~es •
After Shanley's exposition, the tangent modulus load and re-
duced modulus load were shown to be the lower and u.pper limits for
column strength.
The tangent modulus theory assumed that no strain reversal
takes place on the convex side of the bent column when it passes from
h . h f h d· d f1 d f· . 17t e stra~g t orm to tea Jacent e ecte con ~gurat~on • On the
other hand, the reduced modulus concept assumes that strain reversal
does take place in this process. The tangent modulus load $ignifies
the bifurcation point at which a straight column starts to bend and for
•-25.
this reason it can be considered as the lower' limit of column strength.
The reduced modulus load can be attained only if the column is held
straight up to the load. This load cannot be attained in a pinned-end
column test. Therefore, it can be considered as the upper limit of the
column strength.
In.1952, the Column Research Council issued a memorandum stat-
ing that"the tangent modulus formula affords a proper basis for the
23
establishment of working load formulas" for metal columns • This state-
ment ·enab1ed the introduction of the residual stresses to the tangent
modulus theory for structural steel columns; the t~ngent modulus Et for
a column shape containing residual stresses can be obtained from a.stub
column stress-strain curve. Thus the buckling load is given by the equa-
tion:
p
cr
A (3.3)
where p
cr
= the critical load of a column,
(J = the stress corresponding to P ,
cr cr
•
= the tangent modulus at stress
(L/r) = slenderness ratio, and
(KL/r)= effective slenderness ratio.
2. Influence of Residual Stres's
(J
cr'
The strength of practical columns depends upon such factors
as initial out-of-straightness, eccentricities of load, transverse loads,
end fixities, local and lateral buckling and residual stresses. The ,,-
•
effects of these factors have not been isolated completely.
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However,
research in the past decade has shown that the major factor in the
strength of centrally loaded initially straight columns is the residual
. 4 10 13 24-28
stress distribution in. the column cross sect10n' " •
. The buckling theories described in the last section are appli-
'. 4
cable, with some modification, to columns which contain residual. stress •
The tangent modulus load and reduced modulus load for a section contain-
ing residual stresses· are less than that fora section free of residual
4 27
stresses' •. '
. When a column cross section containing residual stresses is
axially loaded, the fibers having compressive residual stresses yield
depending on the magnitude of the compressive residual stresses. Such
a partially-yielded cross section is no longer. homogeneous and the
general equations of buckling are invalid. The analytical solution
to determine the tangent modulus load or reduced modulus load becomes
more complicated when the stress-strain relationship is non-linear,
since the superposition of stresses is not possible.
The problem, however, is.simplified by assuming an ,idealized
stress-strain relationship as shown in Fig. 3. L This relationship
defines that
E = E for E: < E:Y
and
E = 0 for E: > E: .
• Y
(3.4)
For a rectangular cross section the above relationship gives a simple
equation for E ,',
t '.
•= E
I
e
I
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and the tangent modulus load is given by
p
cr
A Er =cr (3.6)
where EI is the effective bending rigidity of the column neglecting
e
the inelastic portions of the cross section. Since the buckling load
depends on the moment of inertia of a cross section, and since the in-
elastic portions do not contribute to the moment of inertia, the tan-
gent modulus load will be less for a section with residual stresses
than for a section without residual stresses.
The relationship between Ie and Ercr can be obtained in two'-- r":'",
ways; one method is to measure the residual stress distribution and
then to compute Ie as Er
cr
is progressively increased; a second method I'
is to obtain a stub column curve for the cross section, from which Et \
can be measured at various levels of Er
cr
However, if the cross sec-
•
.
Hon is an H-shape and not a simple rectangle, the relationship given
by Eq. 3..5 becomes complicated4 ; although approximate forms can be ob-
tained by some simplifying assumptions~
The accuracy of the method based on residual stresses depends
on the accuracy with which the residual stresses are measured. The
method based on a stub column stress-strain curve depends on how accur-
ately the tangent modulus is measured. In this dissertation the method
based on residual stress is used.
••
(
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The influence of residual stresses on column strength depends
not only on the magnitude and distribution of the residual stresses but
also on the yield stress of the material. A hot-rolled H-shape has
cooling residual stresses which are compressive at the flange tips. A
welded H-shape has residual stresses similar to cooling residual stress-
es, but of a larger magnitude; consequently there is a greater reduction
in the column strength of a welded H-shape than that of a rolled H-shape.
Typical column curves for a welded H-shape of A7 steel are shown in Fig.
43.2. The residual stress magnitqde as a proportion of its yield stress
is quite high and so there is considerable reduction in column strength.
In H-shapes of higher strength steels the residual compressive· stress
is of the same order of magnitude as in A7 steel shapes and hence is of
, smaller proportion compared to their yield stress levels. Consequently,
the column strength reduction will be significantly less.
3. Ultimate Strength
Tqe ultimate load is the maximum load that a column can carry
after it has buckled. This load is somewhere between the tangent modu-
Ius load and the reduced modulus load.
The differential equation of equilibrium for a centrally
loaded straight column free of residual stresses and buckling elasti-
cally is
(3.7)
where y = the horizontal deflection in the plane of buckling at
any section of the column.
••
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For the case of a column buckling inelastically the equation is of the
form
where 0 = 0 (P, y, y", E, Et , I, I , G ,etc.). The solution of thise r
non-linear differential equation is difficult and can be found only
for simple cases and even then only at particular sections of the
column. The flexural rigidity of a column section which is partially
inelastic is a very complex function 0 as given in Eq. 3.8~
In 1950 results of investigations on ultimate strengths of
columns were published by Duberg and Wilder 19 , Lin30 , pearson3l , and
Cicala32 ; all arrived at similar results~ Duberg and Wilder used the
Shanley model and an idealized H-section bent about the strong axis.
They obtained the load-deflection curves for various lengths of columns.
of various materials having a systematic variation of stress-strain
19
curve They concluded that for a perfectly straight column the tan-
gent modulus load is the critical load of the column and that bending
starts at that load. They also found that the ultimate load is larger
than the tangent modulus load and that this difference depends on the
stress-strain relationship of the material.
Their investigation did not include consideration of any
"d 1 t "th "19res~ ua s ress ~n e sect~on • The presence of residual stress
changes the equilibrium condition and the cross section becomes in-
homogeneous when yielding starts. Thus their results are not completely
valid for rolled H-shapes buckling in the weak axis.
a-30
1 h 1 d b F ·· 10In ater years t is so ution was improve y u~~ta ,
Nitta33 , and Tal120 , who used simple residual stress distributions and
obtained the load vs. mid-height deflection relationships of columns.
The equilibrium of forces at the mid-height of column was considered
and by trial and error the load-deflection curve was computed in steps.
Fujita used a semi-graphical procedure to compute the load-d~flection
curve of an idealized H-section having a simple, symmetric, linear resi-
dual stress distribution and the stress-strain relationship defined by
34Ramberg and Osgood • The column section was modified to resemble a
Shanley model. The ultimate loads predicted by this analysis were
. confirmed by tests on welded H-columns of A7 steel, buckling in the
weak-axis; however, the predicted load-deflection curves were not in
agreement with test results.
Tall conducted a similar investigation on welded box-columns 20 .
In welded box-columns, as with all welded columns, eccentricity is of
prime importance, his investigations concerned centrally loaded and
eccentrically loaded columns. He also used simple residual stress dis-
tributions and a sinusoidal. deflected form of the column. He concluded
that the ultimate load would be greater than the tangent modulus load.
He found that the ultimate load obtained by column tests were higher
than those predicted, since the simplified residual stress distribution
assumed fo/~ computation was inexact. He concluded that "reliable,lQad-
deflection curves can be obtained only when the proportional limit is
high and the residual stress distribution plays no great role or when
the residual stress distribution is exact, in which case the role of
..
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proportional limit would diminish, and the equations defining the load-
deflection curve would be more complicated" •
Johnston recently made a detailed study of a column of re-
duced rectangular cross section, which was similar to the Shanley mo-
de12l • He used a stress-strain relationship which resembles the Ramberg-
O d . 34sgoo equat~ons His analysis confirmed the stress distributions at
various load levels, described intuitively by Shanley in his original
paper. He also showed that columrisheld straight beyond the tangent
modulus load can carry a higher maximum load approaching the reduced
modulus load. He demonstrated that very slight differences in the
shape of the stress~strain curve have great influence on inelastic
column behavior.
3.2 Centrally Loaded Hybrid Columns
1. .: Strength of an Ideal Column
. '.:
In determining the column curve for a hybrid steel column, the
~. -'
main problem.is caused by the.difference·in yield stresses of the com-
ponent materials.
. .
The calculation of tangent modulus curves and ulti-
mate load becomes very much simpler if a shape is of homogeneous ma-
terial. A simple method presented here, uses the residual stress itself
as a tool to transform a hybrid shape into a homogeneous shape.
An ideal.hybdd H-shape is .shown in Fig. 3.3a. It 'is assumed
that the stress-strain curve of the web steel and flange steel are both
idealized as shown in Fig. 3.1. The yield stresse~ are 0"f for the
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flange and a (Of> 0 ) for the web. If a column of this shape is
w w
loaded axially, the entire web yields when the average stress is a
w
and the column will consist of merely two flanges held in position.
Column curves for the buckling of this column are shown in Fig. 3.4.
Considering buckling about the x-axis, point D on the curve
B1E corresponds to the instant of yielding of the web. Upon further
loading of the column the curve CB is obtained; the web will not carry
any additional load and the flanges resist the additional load until
they also reach the yield stress. Line DC represents the discontin-
uity of the curve and indicates the reduction in the moment of iner-
tia due to the yielding of the web. In computing this curve, since'
the non-dimensionalizing denominator for load is P = (A f + A ) x crfy, w
(where Af = flange area, Aw = web area) and the maximum applied load
is Afof + Awow' the yield line is AB. This will correspond to
O/~f =y < 1.0. The computations of various quantities are given in
Appendix 5.1.
If the web were of the same steel as the flange steel then
the Euler curve would have been B2E. Because of the lower strength
of the steel in the web, the deviated portion ABCD is developed. The
change from B2Dto BC is due to the yielding of the web and the con-
sequent reduction in moment of inertia about the x-axis. The change
from A1B2 to AB is due to the reduction in the total yield load.
If the column buckled abo4t the y-axis, the reduction in
the moment of inertia due to the yielding of the web would be negli-
gib1e and the ideal curve B1D£ would be valid; however, due to the
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lower yield load, the yield line would be AB I . Thus in this case the
column curve would be ABlE •
Now consider the H-shape shown in Fig. 3.3b. This is a homo-
geneous shape of steel with yield stress level crf ; the web has a com-
pressive residual stress of magnitudecrf - crw' When a column of this
shape is axially loaded at an average stress cr = cr , the web yields
w
and the shape will consist of the flanges only. This homogeneous
shape also carries the maximum load Afcrf + Awcrw' The column curve for
this shape is exactly the same as in Fig. 3.4•. Therefore it can be
considered that the two H-shapes shown in Figs. 3.3a and 3.3b are
equivalent. It should be remembered that the residual stress distri-
bution is fictitious, is not in equilibrium with itself, and does not
affect the calculation. By this transformation the stress-strain. curve
of the web has been shifted to coincide with that of the flange. The
difference in strain corresponding to (crf - crw) does not affect the
computations anywhere.
In Fig. 3.5 column curves fora hybrid shape of A44l steel
flanges and A36 steel web are shown. The calculations are given in
Appendix 5.1.
In the case of a hybrid shape with the residual stress dis-
tribution shown in Fig. 3.3c, a uniform compressive residual stress of
magnitude (crf - crw) is superimposed on the residual stress distribution
in the web, resulting in the distribution shown in Fig. 3.3d. Now
this shape can be treated as a homogeneous shape and the column curve
computed.
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2. Tangent Modulus Column Curve
As mentioned above, the tangent modulus load can be found by
two methods: 1) using the tangent modulus obtained by a stub column
test, and 2) using the residual stress distribution. The. stub column
method has some inherent disadvantages in that the methods for the
measurement of E
t
are not very refined and that approximating equations
are required to express the quantity (EI /1), in order to use the
e
measured Et • The second method is much simpler in that once the resi-
dual stress distribution is obtained, only the computation of (I /1)
e
must be made to obtain the column curve. Even for this method simple
residual stress distributions are necessary. However, complicated (act-
ua1) distributions can be handled with the help of a digital computer.
Although the stub column method has not been used to predict
the tangent modulus curve in this dissertation, stub column tests were
conducted to obtain other important characteristics of hybrid columns.
The results of these tests are described in Section 3.3.
The residual stress distribution in hybrid shapes have been
described in Chapter 2. Some modifications are made to the measured
distributions in order to use them for computing column curves. The
measured residual stresses are usually not symmetrical and not exactly
in equilibrium. Symmetry and equilibrium are achieved by averaging
the residual stresses in identical locations in the four quadrants with
respect to the axes of symmetry and by making minoradju~tments. Resi-
dual stress distributions modified for computer use are shown in Figs.
3.6 and 3.7.
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The following assumptions for material properties are made:
1. The stress-strain relationship for each longi-
tudinal fiber in the cross section is the same
and is ideally ~lastic-Flastic.
2. The material is homogeneous.
3. Plane cross-sections remain plane after defor-
mation •
. 4. The residual stress is constant along each fiber
in the cross section.
5. Axial symmetry of cross section and residual
stress exists.
6. The hybrid shape may be transformed into a homo-
geneous shape as described in the previous section.
In computing the tangent modulus load with the help of a desk
calculator, simple residual stress distributions are used and the yielded
zone is increased step by step13 At each step the reduced moment of
inertia and applied load and the corresponding slenderness ratio are
calculated. This method is not convenient for use in a digital compu-
ter. For use in a digital computer the area of the shape is divided
into small equal elements and the strain is increased step by step in
each element of the entire shape. If the strain in an element exceeds
the yield strain, then there will be no load contributed by that element.
At each increment the applied load and moment of inertia and· corresponding
slenderness ratios are calculated. If the elements are made smaller
and smaller it is possible to approach the assumption that the cross
..
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section is made up of a number of longitudinal fibers. The flow dia-
gram for the computer program is described in Appendix 5.2.
The tangent modulus curves obtained by this method are shown
in Figs. 3.6 and 3.7. The portions of the curves shown dotted are for
the shapes without residual stresses. The following observations can
be made:
a) Shapes~ith AS14 steel flanges (Fig. 3.6)
1. The column strength reduction due ~o residual stress
is small. The average reduction varied from 4 per cent
to 11 per cent of yield load over the slenderness ratio
range of 30 to 60.
2. The column curves for all shapes are almost the same
for buckling about both axes; this is due mainly to the
proportioning of the component plates and the residual
stress pattern.
3. The column with A36 web yielded much earlier and was
also slightly weaker than the columns with A44l web.
Otherwise the behavior of all the columns were satis-
factory.
4. The x-axis* curve for the column with the residual
stresses shows strengths higher than that without the
"I'The x- and y-axes are usually termed the "strong" and "weak" axes re-
spectively, depicting the relative column strength about these axes.
Since this is not true for some hybrid columns, the terms "x-axis" and
"y-axis" are used.
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residual stresses in the region of the Euler curve.
This phenomenon occurs because of the gradual devia-
tion of the tangent modulus curve from the Euler curve.
When the web begins to yield, high tensile residual
stresses at the web ends allow part of the web area
to be effective even after much of the web has yielded.
In the theoretically calculated ideal column curve, it
is conservatively assumed that the entire web area be-
comes ineffective at the same instant •
. b) Shapes with A441 flanges (Fig. 3.7)
1. The tangent modulus curves for these shapes suggest
interesting observations. Shape No.2 with A441 UM
plates for flanges has fairly uniform strength over a
slenderness ratio ranging from 25 to 95, for y-axis
buckling. (This may not be a typical case.) As in
welded columns of A7 steel the y-axis buckling is cri-
tical and yet this column has strength much higher than
that of a similar column of A7 steel (cf. Fig. 3.2),
since the ratio of compressive residual str~ss to yield
stress is lower.
2. The difference in the yield stress levels of A441 and
A36 steels is small. The early yielding in the web
would not be anymore than in a homogeneous A441 H-shape
since the compressive residual stress in the web is very
low.
•3.
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Shape No. 3 with A44l flame-cut flanges has a relatively
higher strength for lower slenderness ratios and lower
strength for higher slenderness ratios than Shape No.2 •
This is essentially due to the distribution and magni-
tude of residual stresses. In Shape No.3, the x-axis
buckling becomes critical in part of the inelastic range.
.. "
In general the small difference in yield stresses between A44l
and A36 steel does not show any significant effect on hybrid Shapes No.
2 and No.3, whereas the large difference in yield stresses between A514
and A44l or A36 shows up by the beginning of yielding at a comparatively
low load, (Shapes No.1, 4 and 5).
Comparing the column curves of Shapes Nos. 1, 2, and 3, (Figs.
3.6 and 3.7) it can be said that higher strength steel and advanta-
geous residual stress distribution (as in flame-cut flanges) tend to
give higher column strengths.
In Fig. 3.8 the tangent modulus column curves for buckli~g
about the y-axis for the hybrid shapes is shown with the slenderness
ratio non-dimensionalized. (For x-axis buckling,. such a non-dimension-
alization is not possible bec~use the intersection of the Euler curve
and the yield load line is not a unique point.) Also shown are the CRC
column curve and tangent modulus curve for A7 steel H-shapes.
Figure 3.8 further demonstrates the fact that in shapes with
A5l4 flanges, the role of the web material is not very important for y-
axis buckling. Furthermore, it shows that the curves for columns with
••
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A44l flanges are significantly above those of A7 welded columns and that
the column curve for the shape with A44l flame-cut flanges is very close
to the CRC curve •
3. Ultimate Load and the Load-Deflection Curve
The principle behind the method of computing the load-deflec-
tion curve was mentioned in Section 3.1.3. This computation requires
the evaluation of the complex function 0 which defines the bending rigi-
dity of the section, which is partly yielded. In order to make this
function 0 amenable for computation some simplifying assumptions are
made. In addition to the assumptions used for computing the tangent
modulus column curve, it is assumed that the buckled shap~ of the column
is described by a sinusoidal curve.
For centrally loaded columns, the behavior at mid-height is
critical. The assumption for sinusoidal deflection assures that the
maximum lateral deflection occurs at mid-height. The shape of the de-
fleeted column is given by
~
y = ~
1
n~A y sin
n c L n = 1,2,3 ••• (3.9)
where Yc = the mid-height deflection,
A = a set of constants, and
n
L = length of the column.
This equation is further simplified by assuming that the deflected
shape of the column can be represented by a single sine wave of the
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form
y • TT xyC HnT (3.10)
Now a simple relationship between curvature and deflection can be de-
rived for the mid-height section:
Curvature ~
£z
dx2
x=L/2
so that
(3.11)
In computing the load-deflection curves the actual residual
stress distributions have been modified slightly; they have been made
perfectly symmetrical about the geometrical axes of symmetry. A com-
puter program was prepared to compute the various quantities.
A typical stress distribution at bifurcation is shown in
Fig. 3.9 •. At bifurcation, the load is the tangent modulus load •. With
a slight increase in load, the column deflects and additional internal
stresses develop. The additional internal stresses are similar to
stresses caused by an eccentric compressive force on a cross section.
The difference between the compressive and tensile forces must be equal
to the increase in external load. This can be expressed algebraically
as
(3.12)
•where
=
force to the left of the neutral axis,
force to the right of the neutral axis, and
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•
6P increment of load above tangent modulus load.
When the column is carrying the additional external load, the total
:tnternal stresses are as shown in Fig. 3.9b. However, in Eq. 3.·12
the stress corresponding to the tangent modulus load is not considered,
since these stresses are in equilibrium with the tangent modulus load.
Thus at each increment of external load, the equilibrium of the exter-
nal load above the tangent modulus load and the additional internal
stresses at the mid-height section alone will be in equilibrium for
the computation.
At the instant the column is carrying the additional exter-
nal load ~P, if the column is stable, it will have a stable mid-height
deflection y. One more equation can be written for the free body of
c
one-half length of the column by taking moments about the axis of sym-
metry of the mid-section:
distances of center of gravity of forces
.... }:rqi"\i··tlfEl"·'axis of symmetry,
~. "':..' .'
tangent modulus load, and
(3.13)
t:.F and 6FL R
•
Yc deflection at mid-height.
Equations 3.11, 3.12 and 3.13 have to be satisfied simultaneously for
each increment of load.
In the actual computation, instead of increasing the external
It
..
•J)
..
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load at each step, the curvature and location of neutral axis are
changed. It has been shown that the position of neutral axis irnme-
diately above the tangent modulus load will be very close to the ex-
tremity of the flange which is to become convex on buckling20 ,2l
is safe to assume that its position is slightly inside the edge and
that the possible value of curvature for this position of the neutral
axis may be found. To start with, the curvature also is assumed and
the internal forces due to the curvature are found; this will give 8P
from Eq. 3.12. The next step, computation of the moments of the in-
ternal forces about the axis of buckling will enable the calculation
of y from Eq. 3.13. Substituting y in Eq. 3.11, a new 0 is obtained.
c c
If this 0 agrees with the assumed 0, then a stable position of the de-
fleeted column has been found. If the new 0 does not agree with the
assumed 0, a slight change is made in the position of neutral axis
and/or the curvature and the process is repeated. Once the correct
o is obtained, the curvature is increased by a small increment and the
operation is repeated.
The cross section is divided into small segments to compute
the internal forces and moments. Each time an increment of curvature
is made, the strain in each segment, the summation of strains due to
residual stress, tangent modulus load, and the curvature is computed
and checked to see if the segment has yielded. If the segment has
yielded, it will not contribute any additional force. The flow dia-
gram for computing the load-deflection curve is given in Appendix 5.3.
••
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The load-deflection curves obtained by this method for the
five hybrid shapes under investigation are shown in Figs. 3.10 and
3.11. The maximum value of the load in each of the load-deflection
curves is the ultimate load of that column for the corresponding slen-
derness ratio. The ultimate strength column curves obtained by plot-
ting these ultimate loads and slenderness ratios are shown in Figs.
3.12 and 3.13.
The following conclusions can be drawn from these figures
(Figs. 3.10 through 3.13):
1. °For shapes with A514 steel flanges, the ultimate load
is almost the same as the tangent modulus load. The
tangent modulus load concept gives a fairly precise
estimate of column strength •
2. For shapes with A441 steel flanges, the ultimate load
is somewhat higher than the tangent modulus load. The
ultimate load is reached at a very small lateral deflec-
tion. The ratio of ultimate load to tangent modulus
load for A7 shapes is even greater,. (See Fig. 3.2 also).
3. The ultimate load is influenced by the residual stress
distribution and the consequent tangent modulus strength.
In Shape No.2, the tangent modulus strength is relative-
ly low and the nature of residual stress distribution is
such as to produce a higher ultimate strength at low slen-
derness ratios. For Shape No.3 the tangent modulus
strength itself is high and the residual stress distribu-
•...
•
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tion is such that the ultimate load is slightly more than
the tangent modulus load over the entire inelastic range •
4. Shape No. 2 (with A44l UM flanges) has a high Pu/P t (where
P is the ultimate load and Pt is the tangent modulus
u
load) at low slenderness ratios; for example at L/r = 20,
Pu/P t = 1. 21, and at L/r = 30, Pu/P t = 1.16. However, for
medium slenderness ratios, Pu/P t is almost 1.0. Shape No.
3 (with A44l flame-cut flanges) has a more or less uniform
increase in strength above tangent modulus load' pip =
, u t
1.04 up to a slenderness ratio of 80 •
4. Eccentrically Loaded Columns
Although the research program reported in this dissertation
was designed to investigate centrally loaded columns, fabrication error
resulted in a column with initial out-of-straightness. This section is
a brief note on this aspect of columns. Such a column will be an eccen-
trically loaded column even when the application of load is concentric.
Eccentricity can also be caused by eccentricity of the load itself or.
by an unsymmetrical residual stress distribution. The influence of resi-
dual stress on eccentrically loaded columns has been investigated by
10 20 26 35
many researchers ' , , .
The method of computing the load-deflection curve for an eccen-
trically loaded column is basically the same as that for a centrally
loaded column (as described in Section 3.2.3) except that the column
..
•
1J
'..
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starts to deflect the instant load is applied. The computer program
for centrally loaded column was modified to compute the load-def1ec-
tion curve, taking into consideration the eccentricity (See Appendix
5.3).
Figure 3.14 shows the computed load-deflection curves for
Shape No.4 (A514 flanges and A441 web) with e = 0, e = 0.10 in. and
e = 0.20 in. and L/r = 65. These curves indicate that the ultimate
loads are less than the tangent modulus load by about 16 percent and
22 percent respectively.
3.3 Hybrid Column Tests
The program of tests on hybrid shapes was mentioned in Sec-
tion 2.4. As shown in Table 2.-3 all the hybrid shapes were tested
both as stub columns and as pinned-end columns. The stub column tests
provide an average stress-strain curve of the- shape, including the ef-
fect of residual stresses. The pinned-end column tests verify the pre-
diction of column strength made on the basis of residual stress distri-
but ion or stub column tests. In addition, both of these tests provide
extensive information on the behavior of the shapes used as columns.
1. Description of Tests
a) Stub column tests
Stub columns are short columns long enough to retain the resi-
dual stress distribution in a normal column and short enough not to fail
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by local buckling. The length of such columns is prescribed in Ref.
36: 6" x 7" H-shapes can be 24 in. to 30 in. long. The test columns
were 24 in. long. Strains were measured by 0.0001 in. dial gages
over a gage length of 10 in.; two gages placed on opposite sides of
the cross section were used to compen~ate for possible uneven defor-
mation. Alignment of the columns was carried out with the help of
four 0.001 in. dial gages fixed at the four corners. Alignment was
considered satisfactory when the maximum deviation of the strain in
any corner gage was less than 5 per cent of the average strain. White-
was was used to help reveal the yield pattern on the specimen under
load. Stub column shapes with A5l4 flanges (Shape Nos. 1, 4 and 5)
were tested in the 5 million lb hydraulic testing machine while those
with A44l flanges (Shape Nos. 2 and 3) were tested in the 800,000 lb
mechanical testing machine.
b) Pinned-end column tests
The experimental investigation of the hybrid columns was a
pilot study; for this reason, only one column of each shape wai tested
as a pinned-end column. The columns were 8 ft long, giving a slender-
ness ratio of 65. Axial load was applied through special fixtures
which simulated a pinned-end condition about the y-axis and a fixed-
end condition about the x_axis37 . All the columns except Shape No.1
(A5l4 and A36) were tested in the 800,000 lb mechanical testing machine;
the column of Shape No. 1 was tested in the 5 million lb hydraulic test-
ing machine.
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Strains were measured by means of SR-4 A-l type strain gages
of 1 in. gage length placed at the mid-height of the column and near
both ends. They were also used to align the columns so that the load
would be exactly central at mid-height and as close as possible to
central at the ends. The columns had slight initial out-of-straight-
ness and were bent in single curvature. The maximum out-of-straight-
ness was at the mid-height; it was 0.06 in. in Shapes No.1 and No.2,
0.02 in. in Shape No.3, 0.10 in. in Shape No.4 and 0.09 in. in Shape
No.5. Load was applied in small increments and the lateral deflec-
tion at mid-height was measured by a 0.001 in. dial gage and also with
a transit and 0.01 in. scales at quarter points on the length of the
column. The rotations at the ends were measured by a 0.0001 in. dial
gage and level bar.
2. Test Results
a) Stub column tests
The results of the stub column tests are given in Table 3.1.
The stress-strain curves obtained in the tests are shown in Fig. 3.15.
The salient features of these curves are:
•
Shapes with A5l4 steel flanges • These shapes have certain
features in common. Their stress-strain curves are straight in the-
early stages of loading, thus indicating elastic behavior. For Shape
No.1, a slight kink appears at about 0.25 PIP, and there is signifi-y
cant deviation at 0.7 pip. The kink at the lower load indicates they
••
•
•
•
•
•
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yielding of a major portion of the web. The presence of high tensile
~esidual stresses in the web near the welds makes a small portion of
the web behave like the flange material. Thus, after the web or the
major part of the web has yielded, the hybrid shape behaves virtually
like an H-shape of A514 steel without a web. Therefore, the stress-
strain curve appears to be a straight line again up to 0.7 pip. Aty
this stage yielding in the flange begins. This confirms the low com-
pressive residual stresses in the flanges. Shape No.1 is a combina-
tion of very high strength steel and very low strength steel; there-
fore, early yielding takes place.
Shapes No.4 and No. 5 also show a kink at about 0.6 PipY
and a second elastic region before entering the plastic region. In
the plastic region Shapes No. 1 and No. 5 did not show any strain-
hardening, although Shape No.4 strain-hardened continuously. The
coupon tests of the component plates of all the three shapes showed
continuous strain-hardening. In all these tests the flanges of the
shapes eventually failed by buckling locally in the plastic range.
Shapes with A441 flanges. The stub column curves for Shapes
No.2 and No.3 are typical of welded columns. In these tests also,
there is a slight kink at about 0.4 PIP. The proportional limitsy
are at about 0.6 PIP. This indicates that the effect of compressivey
residual stresses is somewhat more for these shapes than for shapes
with A514 flanges. These shapes also failed by local buckling in the
flanges in the plastic range. The stress-strain curves indicate that
strain-hardening was significant and agre.~,with the behavior of
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component plates. The local buckling aspect will be discussed further
in Section 3.4.2.
The yield loads predicted on the basis of coupon tests are
shown in Table 3.1. The stub column test values are slightly higher
for all the shapes except No.5. The higher values may be a result
of the cross sectional area added by the weld metal and the oversize
dimensions of the component plates.
b) Pinned-end column tests
The results of the .pinned-end column tests are shown in Figs.
3.12 and 3.13 and in Table 3.2. In Figs. 3.12 and 3.13, the test
values are shown as a proportion of the yield load computed on the
basis of coupon tests. In Table 3.2, they are shown alsq as a pro-
portion of the stub column yield loads. The difference between the two
sets are very small. The test results exceed the predicted values by
1 per cent for Shapes No. 1 and No.4, by 10 per cent for Shape No.3
and by 6 per cent for Shape No.5; the test result is 4 per cent below
the predicted value for Shape No.2. Based on the limited number of
tests, a reasonably good prediction can be made with the measured resi-
dual stress distribution and the computer program.
The load-deflection curves of the column tests are shown in
Fig. 3.16. Columns of Shape No. 1 and No.4 remained fairly straight
until the load was high; columns of Shapes No.2, No.3, and No.5
showed small deflections from the straight configuration before the
ultimate load was reached. This is due to the slight imperfection in
••
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alignment, initial out-of-straightness, and unsymmetrical residual
stress distribution. The ultimate load was reached when the lateral
deflection was about 0.1 in. for all the columns, except Shape No.4.
The load on this column was eccentric and caused a favorable end mo-
ment at the ends. Therefore it carried a slightly higher ultimate
load and showed a larger deflection, 0.4 in., at maximum load. This
column,was very crooked and its ultimate load would have been much
lower than the predicted load.
A comparison of the predicted and actual load-deflection
curves can be made with t~e help of Fig.,3.l7. The load-deflection
curves for columns of Shapes No.2 and No.3 are similar. For shape
No.2 the actual load was a little less than predicted while for
Shape No. 3 the actual load was higher than predicted. It is very
difficult to predict the load-deflection curve, since in an actual
column such factors as out-of-straightness, eccentricity of load, and
unsymmetrical residual stress distribution influence the deflection
considerably.
The following qualitative observations which corroborate the
residual stress distributions were made during the tests:
Columns with A5l4 flanges (Figs. 3.18, 3.19 and 3.20). The
bent columns of Shapes No.1, No.4 and No.5 all show excessive yield-
ing on the concave side at mid-height and an absence of yield lines on
the convex side. A5l4 steel flanges normally do not show yield lines
since there is no mill scale on the surface of heat-treated steels.
Therefore, the absence of yield lines on the convex side does not prove
".
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that yielding in tension did not take place.
The web of Shape No.4 shows no yielding of the web except at
one support. This yielding might have occurred because the column was
crooked. The web of Shape No.5 shown in Fig. 3.20 indicates there is
yielding in the entire length of the web. In spite of this, the column
carried 10 per cent more load than" predicted.
One characteristic of these columns was that when the maximum
load had been applied, the lateral deflection increased instantaneously,
causing violent failure of the column accompanied by local failure of
the flange near mid-height.
Columns with A44l flanges (Fig. 3.21). Of the two columns
with A44l flanges, Shape No.2 has UM plate flanges and Shape No.3 has
flame-cut flanges. The residual stress distribution in these shapes is
described in Chapter 2. Shape No.2 has two regions of compressive resi-
dual stress and one of tensile residual stress in the middle. Shape No.
3 has three regions of tensile residual stress--at the edges and in the
middle--and two regions of compressive residual stress, alternating as
shown in Fig. 2.8.
When columns with residual stresses are axially loaded, the
regions with compressive residual stress yield first. Depending upon
the slenderness ratio and the ultimate load, the regions of tensile resi-
dual stress may not yield at all. Shape No.2," (Fig. 3.21) shows the
yield lines only on the concave side extending to the middle of the cross
section. The right half has not yielded, showing that an applied com-
••
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pressive stress was to some extent neutralized by the tensile benqing
stress. Shape No.3 shows two bands of yielded regions which corres-
pond to the two regions of compressive residual stress. Although the
flange tips had tensile residual stress there are no yield lines on
the convex side. The webs of these shapes showed slight yielding.
3. Discussion
a) Ultimate load
Many important features were revealed during the analysis of
the strength and during testing of the hybrid columns. The theoretical
tangent modulus column curves and ultimate load curves for the hybrid
shapes have shown that the strength of these columns is much higher
than that of welded A7 or A36 columns (See Fig. 3.8).
A few years ago, when higher strength steel was still new and
A7 or A36 steel columns were common, much effort was expended in the
study of the tangent modulus strength and the ultimate load of the lower
strength steel columns. It was discovered that compressive residual
stresses reduce considerably the column strength from the Euler load or
yield load. Later, the ultimate load analysis of welded columns showed
that ultimate load can be much higher than the tangent modulus load,
which led to the appreciation of the significance of ultimate load. With
the introduction of higher strength steels the situation has changed.
The compressive residual stress is a small proportion of the yield stress
of A44l and A5l4 steel. Therefore the tangent modulus curves are closer
to the Euler Curve and yield load line, especially for columns with A5l4
•
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steel flanges •
The computation of the tangent modulus load is simple com-
pared to the ultimate load calculation. Also, for columns with A514
steel flanges (see Fig. 3.12) it is unnecessary to compute the u1ti-
mate load since P Ip ~ 1.00. In the case of columns with A441 steel
u t
flanges P Ip ~ 1.05, whereas for welded columns of A7 and A36 steel
u t
P IP may be as high as 1.25 while Pt· itself is considerably small
u t
compared to the yield load. The hybrid columns tested in this inves-
tigation had ultimate loads about 75 per cent of the yield load.
Welded H-co1umns of A7 steel of comparable slenderness ratio seldom
38have such a high value • Thus it is clear that computation of the
tangent modulus load is sufficient to estimate the strength of a hybrid
column.
b) Slenderness ratio
Another important requirement for hybrid columns can be ex-
p1ained with the help of the idealized column curves for A36, A441, and
A514 steel in Fig. 3.22. The point A defines the limiting point of the
Euler curve for A36 steel (at L/r = 91). With increasing strength of
steel, the point moves left with the slenderness ratio reducing corres-
ponding1y.
The variation of price-to-strength ratio with the slenderness
ratio is shown in Fig. 3.2339 • These curves are based on the theoreti-
cal areas and average net mill prices of products of one of the largest
steel producers in the country in 1961 and do not include any saving
••
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from reduced shipping and fabrication costs. This figure also shows
that A5l4 steel columns are economical for low slenderness ratios •
Thus A5l4 steel columns would be well suited for the lower stories of
a multi-story building. For slenderness ratios larger than 60, A44l
and A36 steel are progressively suitable. It is in this region that
a hybrid shape can become competitive. Combining A5l4 or A44l steel
with A44l or A36 steel respectively not only reduced the dead load to
be carried but also allows the use of a higher working stress for the
lower strength steel, without any adverse effect.
Consider a column of 6 x 1/2 in. flanges and 6 x 3/8 in. web
having a slenderness ratio of 70. If this column is of A5l4 steel its
ultimate load is 495 kip, at a buckling stress of 60 ksi. Assuming a
factor of safety of 2, the allowable load is 248 kips. At a price of
13.2 cents per lb this column would cost 1~49 cents per ft per kip of
allowable load. Suppose hybrid Shape No.5 (A5l4 steel flanges and
A44l steel web) is used. The ultimate load is about 472 kips and the
allowable load is 236 kips. But, it is possible to use the same allow-
able stress for flange and web giving an increased allowable load of
248 kips, since the allowable stress of 30 ksi is well within the yield
stress level of A44l steel. Also, without this slight overstressing of
the web, the A5l4 steel flanges would have been understressed. With the
cost of A44l steel at 8.4 cents per lb the cost of this column would be
1.35 cents per ft per··kip of allowable load, a saving of 10 per cent
over a homogeneous column of A5l4 steel. For the same case a column of
A44l steel costs 1.42 cents per ft per kip of allowable load, as the
allowable load is 165 kips. In a multi-story building the use of hybrid
••
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column reduces dead load also thus requiring smaller columns in the
lower stories; this effects reduction in the cost of columns in the
lower stories also.
c) Observations on column tests
It was mentioned in Section 3.3.2 that hybrid columns with
A5l4 flanges failed violently immediately after reaching the ultimate
load. This can be explained with the help of the computer analysis for
Shapes No.1 and No.2 shown in Table 3.3 and Fig. 3.24. Both of these
shapes have an A36 steel web, but the flanges are A5l4 steel and A44l
UM in Shapes No. 1 and No.2 respectively.
When the ultimate load is reached in the column of Shape No.
1 (A5l4 and A36), the neutral axis is located 1 in. to the right of the
y-axis. Subsequently, with each increment in curvature, the neutral
axis moves toward the y-axis. (Note that the mid-height horizontal de-
flection is proportional to the curvature - cf. Eq. 3.11.) The signi-
ficance of the movement is that with increase in curvature there is
greater unloading than if the neutral axis were stationary.
In Shape No. 2 (A44l UM and A36) when the ultimate load is
reached the neutral axis is 0.5 in. to the right of the y-axis and re-
mains stationary even though the curvature is increased to cause a mid-
height deflection of 1.5 in. The rate of unloading after the ultimate
load has been reached is 0.025 P for Shape No. 1 and 0.018 P for Shapey y
No. 2 for every tenth of an inch of horizontal deflection. Unloading
is slow in the column of Shape No. 2 and a stable equilibrium position
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exists; in Shape No.1 unloading is faster and the neutral axis keeps
on moving at each increment of curvature until a stable equilibrium
position is reached. This, in fact, is what has happened in the tests.
Once the ultimate load was reached there was rapid unloading and rapid
increase in horizontal deflection.
This investigation has also shown that flame cutting of
flange plates significantly improves the carrying capacity of the columns
(Fig. 3.8). A5l4 steel plates are usually flame~cut, and this practice
can be extended to A44l and A36 steel plates with advantage.
3.4 Local Buckling
•
•
1. Review of Theory
In the introductory chapter it was mentioned that local buck-
ling is a major problem in hybrid columns. Local buckling may cause
overall failure through the ineffectiveness of an entire plate element
or the redistribution of stress. The component plates are usually de-
signed to have buckling strengths equal to the yield strength of the
material. The average stress in an axially compressed plate is a ·func- I
tion of the width-thickness ratio, the boundary conditions and the stress
distribution.
In hybrid shapes the web buckling may be of much concern be-
.
cause the web may be partially or wholly inelastic at working load.
Buckling of the flanges can be treated without difficulty since it will
be mostly elastic. The width-thickness ratio of the web must be such
..
..
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that the web does not buckle even if it has yielded completely •
a) Plate buckling
The plate buckling stress in the elastic range may be ex-
38pressed as
k rl E
(J
cr
(3.14 )
where (J
cr
average stress in plate at buckling,
k constant,
~ Poisson ratio,
b breadth of the plate, and
t thickness of the plate.
•
The plate buckling coefficient k depends on geometry of plate, boundary
conditions, material and edge loading. The value of k for various con-
ditions is given in Ref. 38.
The plate buckling equation in the inelastic range can be ob-
tained from Eq. (3.14) by replacing E by Et , the tangent modulus:
(J =
cr
(3.15 )
•
This equation is a conservative and simple form of the exact equation29
In a well designed centrally loaded column, the buckling
strength of the component plates must be at least as great as the buck-
ling strength of the column, or
•(K L/r)2
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(3.16)
For steel (\1 0.3), this becomes
£. < 0.3 KL jk
t .... r (3.17)
Some specifications use this condition in ore form or another 29 ,40,4l.
The allowable width-thickness ratios are usually 2/3 td 3/4 of the cri-
tical ratios to ensure general failure before local failure. This
takes into account the variations of material properties and boundary
conditions.
However, in this country the yield strength of the material
is used in limiting the width-thickness ratio as given by Eq. 3.1442 :
(J ....... cr •
cr -:::- Y
Equation 3.14 can be rewritten as
where
(3.18)
212 (1-\.1 )
Tl k
cr
J...
E
b
t
(3.19)
This equation is shown in Fig. 3.25. For values of A greater than 1.3,
the plates buckle elastically but have ultimate strengths similar to
38
columns • For A less than 1.3 the buckling strength is less than that
given by Eq. 3.19 or the yield strength of the material; also, the ulti-
mate strength is almost the same as bUfkling strength. Test results
confirm that the buckling stresses are lower than the theoretical values.
•"
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Thus a transition curve is obtained for 1.3 ~ A ~ 0.5. This reduction
in average stress is attributed to residual stresses and other imper-
fections.
b) Influence of Residual Stresses
The presence of compressive residual stresses decreases the
plate buckling stresses just as it would in a column. Likewise, the
38tensile residual stresses increase the plate buckling stress . In the
plate component of a welded column both types of residual stresses are
present and therefore the plate buckling stress depends on the magni-
tude and distribution of the residual stresses. In Fig. 3.26 the buck-
ling stress for the type of residual stresses found in the webs of
. 43
welded H-shapes is shown . This indicates that to'have a given cri~
tical stress in a plate with residual stress, the width-thickness ratio
must be less than if there were no residual stresses. Furthermore, the
reduction in buckling stress approximately equals the magnitude of the
compressive residual stress.
c) Plate buckling in the inelastic range
Plate buckling in the inelastic range has been investigated in
44the recent past in connection with plastic design in steel , and during
the study of structural strength of A5l4 stee143 ,45. Haaijer assumed
that the inelastic plate is orthogonally anisotropic and obtained buck-
~
ling curves based on increme~tal theory; he confirmed his analysis by
tests in the" inelastic range as well as in the strain-hardening range44
..
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He concluded that "contrary to commonly accepted opinions, columns and
plates of structural steel can be compressed beyond the yield stress
level and even into the strain-hardening range, provided certain geo-
metric conditions are met".
When plates are axially loaded, they have been found to reach
the strain-hardening range with a reduction in width-thickness ratio
smaller than a corresponding reduction in slenderness ratio for columns.
Uniformly compressed webs' were found to strain-harden if A ~ 0.57. The
tests were made on WF shapes of A7 steel (the yield stress level of
which, however, met the requirements of A36 steel). The theoretical
curves based on incremental theory and test results are shown in Fig.
3.2744 .
The buckling of plates containing residual stresses has been
analyzed by Ueda43 and Nishino and Ta1145 using the incremental flow
theory and total strain theory. Figure 3.28 shows buckling curves for
webs of welded shapes for various ratios of compressive residual stress-
es. It is to be noticed that the curves based on total strain theory
are conservative when compared to those based on incremental theory.
However, the results of tests on A5l4 columns are close to the curves
based on total strain theory. According to these curves, to prevent
local buckling in the plastic range A~ 0.62 if the ends are fixed and
A~ 0.68 if the ends are simply supported .
The AISC specifications for plastic design in steel use the
1 d d b
. .. 42
va ues recommen e y Haa~Jer
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2. Test Results and Discussion
a) Flanges
The column tests described in Section 3.3 are used as a
guide in making observations based on the available theory. The width-
thickness rat~o for the webs and flanges of the H-shapes used in this
study were 16 and 12 respectively. These are very low values, and
therefore local buckling did not occur in the stub column tests until
. strains were well in the plastic range. It was also observed that
local buckling occurred in the flange first, and by the time the web
started to buckle the flanges were severely buckled. Thus it was
found for the test specimens that the width-thickness ratio of the
flange was the criterion for strength. This could be expected in view
of the higher strength of the flange.
The width-thickness ratio for the flanges in plastic design
can therefore be considered safe if A~ 0.46 as used in the plastic
design codes. This gives, for flanges of A44l and A5l4 steels, width-
thickness ratios of 14 and 10 respectively; the suitability of A5l4
steel for plastic design has not been determined yet. This also ex-
plains why the A5l4 flanges of test Shapes Nos. 1, 4, and 5, buckled
in the plastic range.
The width-thickness ratio requirements in allowable stress
design as specified by AISC can also be used for proportioning the
flanges, since the working stresses in the flanges can be expected to
be within the elastic limit .. According to this the width-thickness
ratio is given by 6000/lcry . This gives a width-thickness ratio of 27
curve above P
. '
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and 19 for A44l and A5l4 steel respectively; the validity of these
values has not been confirmed by tests yet .
b) Webs
The stress-strain curves for the webs obtained from pinned-
end column tests are shown in Fig. 3.29. The strains were measured at
the mid-height of columns and in the middle of the web on both sides
and averaged. From the load-deflection curves of the columns shown in
Fig. 3.16 it is seen that the mid-height deflection is negligible up to
60 per cent of yield load. Therefore it can be assumed that the cross
section at mid-height is subjected to a negligible amount of bending
stress and the strains recorded are due essentially to the axial load.
Shapes with A5l4 flanges. The stress-strain curve for the
web of Shape No. 1 is linear up to P = 0.36 P. At this load, the web
-y
steel is at an average stress of 34 ksi. Since the yield stress level
Of thewebstegl (A36) ;is.40'ksi; the difference of 6 ksi can be attri-
buted to the compressive residual stress. The non-linearity of the
0.36 P indicates that the additional load was distri-y
buted in such a way that· the major portion was carried by the flanges.
The stress-strain curve for the web of Shape No.4 is not
reliable because the web was out of position. For the web of Shape
No.5 the stress-strain relationship is similar to that of Shape No.1.
The linear relationship is valid up to P = 0.62 P. The correspondingy
average stress is 55 ksi, which is higher than the yield stress level
sile residual stresses.
,.
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of the web steel (A44l) and indicates the beneficial influence of ten-
For P > 0.62 P this curve also shows a non-y
linear relationship and the redistribution of additional load.
Shapes with A44l flariges~ The stress-strain curves for the
webs. (A36 steel) of Shapes No.2 and 3 are almost the same (See Fig.
3.29). The curves are approximately linear up to P = 0.6 P .y The
,.
average stress corresponding to this load is 29 ksi. Here again since
the yield stress level is 39 ksi, the non~linearity of the. stress-strain
curve above P == 0.6 P indicates .the influence of compressive residual
y
stress;
If it assumed that the factor of safety for these columns is
2.0, the columns of Shapes Nos. 1, 4, 5, 2 and 3 would have working loads
of 0.38 Py' 0.37 Py' 0.42 Py' 0.37 P and 0.42 P respectively, based ony y .
pinned-end column tests. This shows that· all' shapes except Shape No. 1
will have their webs well within the elastic limit. If it is desired
that the average stress in the web be within the yield stress, then A36
and A5l4 steels should not be used in the same shape.
Haaijer's research will be used to formulate a design rule for
the width-thickness ratio of webs. Haaijer's.values as used in the AISC
specification are not very restrictive for A36 or A44l; the limiting
width-thickness ratios would be 42 and 34 respectively.. The limiting
width-thickness ratio for A44l ~teel was extrapolated from that of A36
and has not been verified by tests yet. These values were intended for
the condition that the webs are allowed to strain-harden. The webs of
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hybrid shapes would have strains not more than 2e when the entire
. y
shape is in plastic state. Hence the recommended values are fairly
conservative.
4. SUMMARY AND CONCLUSIONS
A study on the strength of welded hybrid H-shape columns is
presented in this dissertation. Two principal types of shapes were
investigated, one with A5l4 steel flanges and A36 or A44l steel web
(Shapes Nos. 1, 4, and 5), and the other with A44l UM or A44l flame-
cut steel flanges and A36 steel web (Shapes Nos. 2 and J). The flanges
were 6 x 1/2 in. and the webs 6 x 3/8 in,
The typical tests conducted on these shapes were coupon tests,
residual stress measurements, stub column tests and pinned-end column
tests. Residual stress measurements made on welded plates of A7, A36,
A44l and A5l4 steels were used to estimate the residual stresses in
hybrid shapes. The actual residual stresses in the hybrid shapes were
used to compute the tangent modulus column curve and. the ultimate load
curve by a digital computer. These curves were verified by tests.
The following are the important conclusions of this study:
1. The results of measuranents of residual stresses in
welded plates of A7, A36, A44l and A5l4 steels enable
an approximate estimation of the residual stress dis-
tribution and magnitude in hybrid shapes.
)
2. The residual stress distributions are similar in all
three shapes with A5l4 steel flanges. The average ten-
sileresidual stress at the flange tips ranges from 30
. ksi to 70 ksi (sinceA5l4 steel plates usually have
-65-
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have flame-cut edges) and is about 25 ksi at the welds
(average of readings on both faces). Elsewhere the resi-
dual stress is 20 ksi compressive. The webs have high
tensile residual stress in the immediate vicinity of the
welds and a compressive residual stress of about 10 ksi
over the remaining area (Fig. 2.7).
3. The residual stress distribution in the shape with A44l
UM steel flanges is typical of welded H-shapes. The com-
pressive residual stress is 20 ksi at the flange tips and
the tensile residual stress is 40 ksi at the welds. The
residual stress distribution of the shape with A44l flame-
cut flanges, resembles that of shapes with A5l4 steel
flanges, but differs in magnitude. The effect of fl~me­
cutting of the flanges is indicated by the tensile resi-
dual stresses at the flange tips. The A36 steel webs
have residual stresses the same as described in conclu-
sion 2 (Fig. .).
4. The stress-strain curves obtained in the stub column tests
have some kinks confirming the presence of the lower-
strength web (Fig. 3.15). They indicate that the visible
effect of lower web strength and residual stresses is rela-
tively minor.
5. The column strength of hybrid shapes can be predicted
assuming a hypothetical or imaginary residual stress in
the web equal to the difference in yield strengths of
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flange and web.
6. The tangent modulus column curves show that the column
strength reduction due to residual stress is small (up
to a maximum of 11 per cent at a slenderness ratio of
about 60), foi shapes with A5l4 steel flanges; for these
shapes the effect of A360r A44l steel web is indicated
by the load at which the tangent modulus deviated from
the Euler Curve (Fig. 3.6).
7. The hybrid column with A44l flame-cut flanges is stronger
than the column with A44l UM flanges and has a tangent
modulus curve which is very close to the CRC curve (Fig.
3.8).
8. For shapes with A5l4 steel flanges the ultimate load is
slightly higher (up to one per cent) than the tangent
modulus load. The ultimate load for the shape with A44l
flame-cut flanges is .about 5 per cent greater than the
tangent modulus load. For the Shape with A44l UM flanges
the ultimate load is considerably greater than the tangent
modulus load at low slenderness ratios (up to 20 per cent)
(Figs. 3.11, 3.12 and 3.13). There was reasonably good
agreement between theoretical and experimental load-deflec-
tion curves (Fig. 3.17).
9. Eccentrically applied loads reduce considerably the ulti-
mate load of hybrid shapes. For example, .for a 6 x7 in.
shape with A5l4 steel flanges and A44l web (Shape No.4)
••
•
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and a slenderness ratio of 65, an eccentricity of 0.10 in.
2(ec/r = 0.138) reduces the ultimate load by 15 per cent
(Fig. 3. 14) •
10. Local buckling considerations require that the webs must
not buckle up to a strain of twice the yield strain (2€ ).
Y
The width-thickness ratios of webs must not exceed 42 for
A36 steel. The flanges may be designed to meet the re-
quirements of allowable stress de~ign. Further research
into the plastic behavior of A441 and A514 steels are
necessary to make definitive recommendations.
11. The pinned-end test columns carried the predicted ultimate
loads within 5 per cent. Columns with A514 steel flanges
showed a rapid increase in lateral deflection and un1oad-
ing after the ultimate load was reached. The yield lines
on the flanges of Shapes Nos. 2 and 3 confirmed the resi-
dual stress distributions in the shapes (Figs. 3.18 thru
3.21).
12. The column tests showed that at "working" load the webs
of all the shapes except No.1 (A514 steel flanges and
A36 steel web) were elastic.
13. In the lower stories of multi-story buildings whe;re the
.'
slenderness ratio of columns is low, columns of A514 steel
are most economical. In the stories immediately above
these, hybrid columns are economical because the low-
strength steel in the shape can be overstressed without
adverse effect.
•5. APPENDIXES
5.1 Column Curve for an Ideal Hybrid H-Shape
The theoretical tangent modulus curve for a hybrid H-shape
without residual stresses buckling about the x- and y-axes are com-
puted in this section. The areas and yield stresses of the flanges
and web are as given below.
Area Yield Stress
Flange
Web CJ
w
I
CJ
w .
- = a« 1.0)
a f
P TiEl7
TiE
=
(L/r)2
(1)
with
(J
(Jf
1
(L/r)2
•
for (J < a .
w
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(2)
(3)
At a
w
L/r c
= fa' (4 )
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At this load, the web yields completely and I and I reduce
x y
to lex and ley respectively and P/P y ~ alaf anymore.
x-axis Buckling
I
ex
-- =
I
=
I
,l E. exI 2
• Ar
(5)
er
af
(6)
At (7)
For a > (J , the column curve is given by (6). The maximum value of
w
a/er isf
and the corresponding L/r = ~/y = c3 (8)
Since it is better to have Pip reach 1.0 when. the entire shape yieldsy
..
divide PIP ordinates by (2) and (6) asy and rewrite Eq.y
2
P
-=
Py
•
.
c
m
(t/r) 2
2
P cm ~
P-y = (L/r)2
for a < (J ,
w
for (J > (J
w
(9)
(10)
where c =
m
c
Iy
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(11)
y-axis Buckling
I tiY P
ey ~ 1.0, even when the web yields so that although -- ~ --
I tiYf Py
Example
Flange
Web
~f=(L~rY
~y = ~~~r
Consider an H-shape
Material
A44l
A36
for cr < crf
for
Area
2 x 6" x. 1/2"
6" x 3/8"
36
50=0.72
cr
Y
50 ksi
36 ksi
(2)
(6 )
E
30,000 ksi
..
y
c
m
= )30,000 = 77
TT 50 '
6 x 50 + 2.25 x 36
8.25 x 50
80.4 x /0.89
80.4 x 0.943
75.7
= 0.92, C
m
77
/0.92
80.4
•-72
x-axis Buckling
For (J < 0'
w
At
p
p
y
p
-=p
y
2~ (~~;4j
0.78, L/r = 80.4
~
90.7~9l
•
'.
At '
For (J > (J ,
w
~ = (75.7)2
P L/ry
PP = 0.78,
y
L/r = 75.7 = 85.5 ~ 86
;0.78
(C)
•
PP = 1.00
y
y-axis Buckling
~=(80.4\2
P L/r )y
PP = 1.00
y
L/r
L/r
75.7 ~ 76
80.4 ~ 80
(B)
(B 1)
7<These letters refer to the significant points shown in Fig. 3.5.
5.2 Computer Program for Tangent Modulus Column Curve
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•
• The computer program for determining the tangent modulus
column curve for an H- or box-shape of homogeneous material is given
in Ref. 46. This program has been adapted for hybrid shapes by making
a few changes of which the important ones are:
1. Converting the residual stresses in the flange and web
of hybrid shape into residual stresses in a transformed
shape, in terms of the yield stress of flange steel.
2. Calculation of average strain due to the difference in
the yield stresses of flange and web steel.
,0
3. Calculating the appropriate factor to convert the aver-
age stress (in terms of yield stress of flange) into
non-dimensional stress in terms of the yield load of
hybrid shape.
The flow diagram is given on the next page. The notation. for
axes and coordinates is shown in Fig. 5.1.
•
•
'.
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Dimension - XF(50), XW(50)
RSF(50), RSW(50)
Read - NF, NW, B, BI, T, L, W, YSF, YSWI..=._-fSSbto~p;'
~--""I S, INSTRAIN, INCREMENT', FINALSTRAIN
Read - RSF(J), RSW(J)
Compute - XF(J), XW(J)
Compute - XI, YL, AVESTRAIN, K
Compute - AVESTRAIN, MEANSTRESS
EXI, EYI, XLR, YLR ~~--~
Print - STRAIN, MEANSTRESS
XLR, YLR, P
o
+
FLOW DLAGRAM FOR COMPUTING TANGENT MODULUS CURVES
Notation:
diagram.
RSF(J)
RSW(J)
XF(J)
YSF
XW(J)
YSW
,2NF
2NW
B
,.
BI
'.
T
L
2W
INSTRAIN
• S
E'
•
XI
YI
K
EXI
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The terms listed below are in order of occurrence in the flow
Residual stress in segment J of flange in ksi
Residual stress in segment J of web in ksi
RSF(J)/YSF
Yield stress of flange in ksi
1 + (RSW(J) - YSW)/YSF
Yield stress of web in ksi
Number of segments in the flange
Number of segments in the web
Breadth of flange
= Distance between the two halves of web; ,when BI = 0,
an H-shape is ,obtained and when BI = B-2T and T=W, a
box-shape is obtained. (See Fig. 5.1)
Thickness of flange
= Clear depth of web
Thickness of web
= Initial strain
•..
•
EYI
XLR
YLR
AVES TRESS
P
MEANSTRESS
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Moment of inertia about elastic area about y-axis
= Slenderness ratio about x-axis = Sx j EXI/AVESTRESS
Slenderness ratio about y-axis Sx j EYI/AVESTRESS
= non-dimensional load at any strain in terms of homo-
geneous H-shape of yield stress YSF
Load in kips
= AVESTRESS/K
••
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5.3 Computer Program for Load-Deflection Curve
This program is a continuation of the tangent modulus curve
and uses the same input data. Some additional data is also given.
This program is also suitable for both H-shape and box-shape buckling
about the y-axis.
The flow diagram for computing the load-deflection curves
for centrally loaded column and eccentrically loaded column are given
on the next two pages. The notation for the forces in the cross sec-
tion is shown in Fig. 5.2 .
..
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Start
• Dimension - RSF(50), RSW(50), XF(50)
XW(50), FST(50), TST(50), FWT(50) ,
TWT(50), PS(50), HS(50)
Read - NF, NW, B, BI, L, W, YSF, YSW, Z - Stop
o
+
FR2 = MFR2 = 0
Compute
FL4, MFL4
+
FT = SFL, FR = SFR, F = FT-FR
M = SMF, DELP = F/A
YC = M/A(PTM+DELP), NEWPHI =1r2YC/L2
P = PTM+DELP, NDP = P/PTM, Y = YC/B
PK = P*A*YSF, MEANSTRESS = P/R
FL4 = MFL4 = 0
Compute
FR2, MFR2
PTM
LY
0, P
+
o
FLOW DIAGRAM FOR COMPUTING LOAD-DEFLECTION CURVE OF
CENTRALLY LOADED COLUMNS
PHI
Compute - XF(J), XW(J)
A, G, XI, YI, RX, RY, R, PY
Read - INPHI, INCRMT, FINALPHI, K
..
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Start
Dimension - RSF(50), RSW(50), XF(50)
XW(50), FST(50), TST(50), FWT(50)
TWT(50), PS(50), HS(50)
+
+
oTMSTRAIN
DP = 10*INPHI
..::>--------l PHI = PHI+DP
V = V+l, U = 1
A,
PHI
PHI PHI (1+U/2K)
K = K-U
PHI PHI (1+U /K)
K = K-U
I.
..
..
..
U c 72 +
U
c 73
C 74
FLOW DIAGRAM FOR COMPUTING LOAD-DEFLECTION CURVE
OF ECCENTRICALLY LOADED'COLUMNS
..
Notation:
• FST ,TST}
FWT,TWT
PS, HS
A
G
RX
RY
R
PY
TML
TMS
PTK
PTM
~
LY
INPHI
INCRMT
FINALPHI
K
P
FR1, FR2 }
•
FL1, FL2
FL3, FIA-
MF
NDP
•
YC
Y
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Strains in various segments at any instant
Area of cross section
jE!YSF
Radius of gyration about x-axis
Radius of gyration about y-axis
Conversion factor (= K in Appendix 5.2)
Yield load
Tangent modulus load for a given L/r
Strain at the above load
Tangent modulus load in kips
Tangent modulus load in terms of YSF
TML x R
Length of the column
Initial curvature
= Increment in curvature
Final curvature
Location of neutral axis, when the column is bending
Load at any instant
= Total forces in the regions as ·shown in Fig. 5.2
Moment of forces in the above regions about y-axis
P/PTM
Deflection at mid-height of column
YC!B
"•
6. NOMENCLATURE
A area of cross section
Af area of flanges
A constant
n
A area of web
w
b width of flanges, of any plate element
B width of a 'rectangular section
•
E
distances of internal force. centers to y-axis
depth of a rectangular section
Young's modulus
tangent modulus
moment of inertia of a section
..
..
I, I ,I
x y
Ie,Iex,Iey moment of inertia of the elastic area of a partly
yielded cross section
k plate buckling coefficient
K constant
L . length of a column
KL effective length of a column
P load on a column
P yield loady
P buckling load
cr
Pt tangent modulus load
P ultimate load
u
-81-
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radii of gyration of entire cross section, of flanges and of
web respectively
R radius of curvature
t thickness of flanges of any plate element
x,y coordinates in the respective axis
y'l second derivative of function y
Yc lateral deflection at mid~height of a column
a buckling stress = P /A
cr cr
yield stress of flange
..
•
A
a
r
a
w
cr
y
Q',~,y
€
€
Y
residual stress
yield stress of web
yield stress in general
constants
internal forces in a cross-section due to eccentric
loading
strain
yield strain = a /Ey
non-dimen'sional slenderness ratio of plate or column
Poisson's ratio
curvature
Table 2.1 TESTS ON WELDED PLATES
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•
Residual Stress Measured
Test Plate Size Before After Welding Coupon
No. Material (in. ) Welding Single V Double, V- Edge Test
(in. ) (in. ) (in. )
T-7 A7 6 x 1/2 X 1/8,3/8 1/2 1/4 X
T-1 A36 6 x 1/4
-- -
1/8 1/8 X
T-2 A36 6 x 1/2 X 1/4 --- 1/4 ---
T-17 A441 6 x 1/2 X --- --- -- - ---
T-25 A441 6 x 1/2 X 1/8,1/4 --- --- X
T-27 A441 6 x 1/2 X 1/8,1/4 --- --- X
T-29 A441 6 x 3/8 X --- -- - 1/8* X
290T-2 A514 6 x 1/2 X 1/4 --- 1/4 X
*One plate welded on both edges
",
Table 2.2 COUPON TEST RESULTS
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•
Steel Plate Coupon cr Elongation Reduction
No. No. ys (%) in Area(ksi) (%)
Before Welding
A7 T-7 1 35.5
-- --
2 36.4
-- --
A36 T-1 11 40.8 28.9 50.8
12 39.4 25.4 54.9
13 41.3 27.0 52.6
A441 P-11 111 50.5 24.2 62.2
P-21 212 52.5 24.0 63.0
P-31 313 51.5 22.6 59.0
A514 T-2-5 5 108.7 10.9 54.6
T-2-7 7 111.0 13.3 54.5
After Welding
A36 T-1 14 42.5 30.8 50.9
,
15* 48.4 22.7 46.4
16 43.0 30.5 50.7
A514 T-2-5 6 110.0 -- --
T-2-7 8 111.5 -- --
*This coupon contains weld metal.
Table 2.3 COMPONENTS OF HYBRID SHAPES AND TEST NUMBERS
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Shape Residual Stub Pinned-end
No. Flange Web Stress Coupon Column Column
1 A5l4 A36 T-l T-2 T-3 T-4
4 A5l4 A44l T-5 T-6 T-7 T-8
5 A5l4 A44l T-2l T-22 T-23 T-24
2 A44lUM A36 T-9 T-lO T-ll T-12
3 A44lFC A36 T... 13 T-14 T-15 T-16
<Y Stub
Store y Column Pinned-end Column
and
\) ay.
~ 7' 0" -~,.I ~ 3' 0" -+-2' 0" ~i«-~--8 '0" ----'lo-::I
~<:------------ 20' 0" --------------~-
Column Layout
Table 2.4 PHYSICAL AND CHEMICAL PROPERTIES OF STEEL
USED IN HYBRID SHAPES (from Mill Tests)
Chemical Properties
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Steel Shape C Mn P S Si Cu Cr Mo V B Ti
No.
A514 1 .17 .81 .Oll .017 .24 -- .50 .18 .05 .003 .02
A514 5 .17 .83 .010 .019 .26
--
.55 .17 .04 .002 .02
A441 2,3 .20 1,09 .015 .022 .22 ) .24
-- --
.05
-- --
A441 4 .17 .98 .020 .026 .05 .27
-- --
.04
-- --
A441 5 .18 1.15 .015 .033 .19 .25
-- --
.04
-- --
A36 1,2,3 .23 .52 .010 .036
-- -- -- -- -- -- --
Physical Properties
Steel Shape Thickness Yield Tensile E1onga- Gage
No. Strength Strength tion Length
(in. ) (ksi) (ksi) (%) (in. )
A514 1 1/2 109.95 ll7 .90 24.0 2
A514 5 1/2 ll7.60 124.20 28.0 2
A441 2,3 1/2 55.74 80.34 22.0 8
A441 4 3/8 53.94 75.00 25.5 8
A441 5 3/8 56.98 77.10 27.0 8
A36 1,2,3 3/8 41,50 66.10 25.5 8
..
..
Table 2.5 COUPON STRENGTH OF STEELS USED IN HYBRID SHAPES
(From Laboratory Tests)
Shape Flange (J (J Web (J (J
.No. Y ult Y ult(ksi) (ksi) (ksi) (ksi)
1 A5l4 110 121 A36 40 67
2 A44l 50 76 A36 39 67
3 A44l 51 78 A36 39 66
Flame-cut
4 A5l4 106 117 A44l 49 72
5 A5l4 104 117 A44l 53 75
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Table 3.1 RESULTS OF STUB COLUMN TESTS
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Yield Load
Shape Flange Web From From P
No. Coupons Stub Column -:i..P -kP -k P YY Y
(kip) (kip)
1 A514 A36 750 774 1.03
4 A514 A441 746 779 1.04
5 A514 A441 743 735 0.99
2 A441UM A36 388 393 1.01
3 A441FC A36 394 403 1.02
Table 3.2 RESULTS OF PINNED-END COLUMN TESTS
Predicted Test Result
Shape Maximum .. Load ..
No. Out-of P P P P P (P ) TestStraight- u u .\1 u u u
ness+
- -(kips) P (kips) P ~'( P 7(* (P ) Predicted(in. ) .y y y . u
1 0.06 572 0.75 581 0.78 0.75 1.01
4 0.10 574 0.77 580 0.78 0.74 1.01
5 0.09 561 0.75 619 0.83 0.84 1.10
2 0.06 294 0.76 283 0.73 0.72 0.96
3 0.02 315 0.80 334 0.85 0.83 1.06
+ This occurred at mid-height of columns.
* Based on coupon strengths of flange and web.
**Based on stub column tests.
•\
Table 3.3 LOCATION OF NEUTRAL AXIS AND CURVATURE AT
MID-HEIGHT DURING UNLOADING
Shape No. 1 L/r = 65
N.A.~" o x 10
4
P/Pt Y /bAssumed Computed c
8 2.01 1.88 1.064 0.029
7 2.41 2.19 1.063 0.034
5 2.81 2.57 1.049 0.040
4 3.21 2.90 1.040 0.045
3 3.61 3.26 1.028 0.051
2 4.01 3.66 1.014 0.057
1 4.41 4.08 0.997 0.064
Shape No. 2 L/r = 65
5 1. 00 0.94 1.001 0.015
4 2.00 1.85 0.978 0.029
4 3.00 2.73 0.961 0.042
4 4.00 3.62 0.940 0.056
4 5.00 4.55 0.919 0.071
4 6.00 5.53 0.895 0.086
4 8.00 7.65 0.846 0.119
4 10.00 10.02 0.798 0.156
*Neutra1 axis locations are 1/8th of an inch
from the y-axis.
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•
Edge Welded Plates
Fig. 2.1 Types of Welds Used to Simulate Conditions
Prevailing in Welded H- and Box-shapes
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Fig. 2.2 Residual Stress Distribution in A7 Steel
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Fig. 2.3 Residual Stress Distribu{i8~ in A36
Steel Plates (UM Plates)
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Fig. 2.4 Residual Stress Distribution in A44l
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